Vitelline envelopes are composed of glycoproteins that participate in sperm-egg interactions during the initial stages of fertilization. In Xenopus laevis, the vitelline envelope is composed of at least 4 glycoproteins (ZPA, ZPB, ZPC, and ZPX). A sperm binding assay involving the covalent coupling of envelope glycoproteins to silanized glass slides was developed. In our assay, sperm bound to the egg envelopes derived from oviposited eggs but not activated eggs. The majority of the egg envelope ligand activity for sperm binding was derived from the complex Nlinked oligosaccharides of ZPC. This sperm binding involved Nacetylglucosamine and fucose residues, as binding was abolished after treatment with cortical granule ␤-N-acetylglucosaminidase and commercial ␤-N-acetylglucosaminidases and was reduced by 44% after treatment with ␣-fucosidase. Although both the envelope glycoproteins ZPA and ZPC possessed independent ligand activity, ZPC was the major ligand for sperm binding (75%). Mixing of isolated ZPA, ZPB, and ZPC in a ratio of 1:4:4 (equal to that in the egg envelope) resulted in sperm binding that was greater than that of the sum of the separate components. The egg glycoproteins acted in synergy to increase sperm binding. Thus, ZPC possessed both independent and hetero-oligomeric-dependent ligand activities for sperm binding.
INTRODUCTION
The extracellular matrix of animal eggs contains a definitive structure, the egg envelope. This envelope is composed of glycoproteins that serve several functions during fertilization: sperm-egg binding, induction of the sperm acrosome reaction, enzyme-assisted sperm penetration of the envelope, and prevention of polyspermy. Studies in systems ranging from mammalian to invertebrate have shown that sperm bind to the extracellular matrix glycoconjugates of the egg envelope. This binding event is a receptor-ligandmediated interaction that may involve multiple receptors on the sperm surface and/or multiple ligands in the egg envelope.
In mammals, egg envelope (zona pellucida) glycoproteins are derived from three conserved gene families expressed during oocyte maturation [1] . These glycoproteins (ZPA, ZPB, and ZPC) are assembled into a three-dimensional matrix around the egg and provide binding sites for complementary proteins on the sperm plasma membrane. In the mouse, ZPC functions as the ligand for sperm binding and induces the acrosome reaction after the spermato- zoon is bound to the zona pellucida [2] . Thus, ZPC serves dual functions: as a physiological anchor of sperm to the zona pellucida and as an initiator of a signal transduction pathway to allow zona penetration. The molecular mechanism of sperm and egg envelope binding in mouse fertilization purportedly involves protein-carbohydrate interactions in which carbohydrate-binding molecules on the sperm surface bind oligosaccharide ligands of ZPC [3] . Many candidates for the sperm surface receptors have been proposed [4] [5] [6] . In the anuran Xenopus laevis, the unfertilized egg envelope, termed the vitelline envelope (VE), is composed of at least 4 glycoproteins: gp37, gp41, gp69, and gp120. The cDNAs corresponding to these VE glycoproteins have been cloned and shown to be homologous to mammalian zona pellucida glycoproteins ZPA, ZPB, ZPC, and ZPAX ( [7] ; personal communication with Lindsay and colleagues). The Xenopus glycoproteins will be referred to here as ZPA (gp64/69), ZPB (gp37), ZPC (gp41), and ZPX (gp112/120) to reflect their gene families and facilitate their comparison to other species.
The Xenopus egg envelope exists in three distinct forms: the coelomic envelope (CE) associated with the ovulated egg found in the coelom, the VE of the oviposited egg, and the fertilization envelope (FE) associated with the zygote. The FE is composed of a VE-derived component, VE*, and a fertilization layer derived from a cortical granule (CG) lectin and its ligand. All three envelope forms have distinct ultrastructures and possess related yet different macromolecular compositions [8] . These envelope forms have different receptivities for sperm: unreceptive for the CE, receptive for the VE, and once again unreceptive for the VE*. The CE becomes penetrable as the egg passes through the pars recta of the oviduct due to the action of the protease oviductin [9] . The VE becomes unpenetrable following egg activation and the CG reaction due to the action of proteases and/or hexosaminidase [8, 9] .
Recently, conflicting results have been published on the roles of the VE glycoproteins in Xenopus and Bufo japonicus, two closely related anuran species. Sperm-envelope binding was attributed to ZPA in Xenopus and to the ZPC homologue in Bufo [10, 11] . Because of these conflicting results, we reevaluated the roles of the VE glycoproteins in sperm-envelope binding in Xenopus. Using a newly developed sperm binding assay, we report that the majority of the ligand activity for sperm binding of the Xenopus VE is derived from the N-linked oligosaccharides of ZPC. However, albeit to a significantly lesser extent, ZPA also possessed ligand activity. Additionally, we provide evidence that ZPA, ZPB, and ZPC interact in a synergistic manner to promote sperm-envelope binding.
MATERIALS AND METHODS

Sperm and VE Preparation
Investigations were conducted in accordance with the Guiding Principles for the Care and Use of Research Ani-mals. Methods for the procurement of eggs and sperm were essentially those of Hedrick and Hardy [12] . Generally, sperm were collected by macerating testes in DeBoers solution (DB: 110 mM NaCl, 1.3 mM CaCl 2 , and 1.3 mM KCl, to pH 7.2 with NaHCO 3 ). Tissue debris was removed by centrifugation of the suspension at 100 ϫ g for 1 min. Sperm were counted with a hemocytometer and stored in DB at 4ЊC until use. The sperm solution was generally diluted to 0.33 DB with water immediately before use in the sperm binding assays.
Oviposited eggs were collected after injection of female frogs with 35 IU of eCG and 1000 IU of hCG. The envelopes were obtained from dejellied eggs by passing the egg lysate through a 102-m mesh and washing extensively with water. Isolated envelopes were stored in a high-salt solution (2 M NaCl, 0.2 M imidazole HCl, and 2 mM CaCl 2 at pH 7) at 4ЊC overnight to solubilize yolk contaminants. Envelopes were pelleted with centrifugation, and yolk contaminants were removed in the supernate. Envelopes were washed again with water and centrifuged to remove salts. The pelleted envelopes were solubilized using a 2% SDS solution heated for 5 min at 100ЊC. The solubilized envelopes were dialyzed in water for 48 h.
Jelly water was prepared according to the procedure described by Heasman et al. [13] with minor alterations. Briefly, released eggs were incubated in 0.33 DB at a ratio of 8 ml for every 3 g of eggs. Eggs were allowed to incubate in the buffer for 45 min with medium rocking (15 cycles/ min) at room temperature. The medium was recovered from the dish, and the ionic strength was adjusted to 1 DB with the addition of 10.0 DB. The addition of Ficoll was omitted in the jelly water preparation. Jelly water was stored at Ϫ20ЊC until use.
Isolation of VE Glycoproteins
VE glycoproteins were isolated using continuous-elution SDS-PAGE. Separation of the glycoproteins employed dual purification procedures involving a Bio-Rad 491 Cell Prep (Hercules, CA). Initially, envelopes were solubilized by heating in Laemmli sample preparation buffer at 100ЊC for 5 min under reducing conditions. Approximately 5 ml of VE was loaded onto a cell prep with an 8% gel. Electrophoresis was at 40 mA (constant current), and fractions were collected every 3 min with a flow rate of 1 ml/min. The fractions were analyzed with conventional SDS-PAGE and silver staining. Fractions containing similar VE components were pooled, dialyzed, and lyophilized. To further purify the components, the pooled samples were again electrophoretically separated using the Bio-Rad 491 Cell Prep with a 10% gel and the same running conditions as above. Fractions containing the same glycoprotein were pooled and dialyzed against water for 48 h. The isolated VE components were stored at Ϫ20ЊC until use.
Sperm Binding Assay
The sperm binding assay involved coupling macromolecules of interest to silanized glass slides. The slides were treated with 3-aminopropyltriethoxysilane as described below, which resulted in a layer of free amine groups on the glass surface. These reactive amine groups were then crosslinked to the carboxyl groups of target macromolecules using a carbodiimide.
Glass slides were cleaned with a 1% nitric acid solution at 100ЊC for 10 min and washed extensively with distilled water. Then 50 l of a 10% 3-aminopropyltriethoxysilane (Polysciences, Warrington, PA) solution in water was applied to eight regions (circles) on a slide that matched a template constructed from a 96-well microtiter plate. Silanation was performed at room temperature for 1 h. Binding of the macromolecules to the silanized glass was accomplished by adding a 40-l mixture of 0.85 M 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide HCl (Sigma Chemical Co., St. Louis, MO) in 50 mM MES (2-[N-morpholino]ethanesulfonic acid, pH 5.5) and soluble macromolecule solution to the silanized circles (0.5-cm diameter). The cross-linking reaction was for 1 h at room temperature. Typically, a macromolecule concentration of 0.20 mg/ml protein was used for coupling. Slides were then washed with distilled water and allowed to air dry.
The sperm binding assay utilized a technique that involved the addition of a sperm suspension (4 ϫ 10 6 sperm/ ml in 0.33 DB) in alternating wells of a 96-well microtiter plate. The wells used in the assay aligned with the circles of bound macromolecules on the silanized slides. The inverted slide was placed on top of the microtiter plate with a 1-mm spacer (another slide) so that the surface of the glass slide was in contact with the convex meniscus formed by the sperm suspension in the overfilled wells. Motile sperm were allowed to bind to the slide surface for 6 min at room temperature. This technique was implemented to increase the probability that only live, upwardly swimming motile sperm interacted with their target ligand immobilized on the glass surface. Additionally, this technique facilitates the scoring of bound sperm on the glass surface because dead sperm and cellular debris settle at the bottom of the well. Slides were gently washed for 10 min in 0.33 DB by being suspended in a beaker with a stir bar circulating the wash buffer. Subsequently, samples were fixed with 4% glutaraldehyde in 0.33 DB. The number of bound sperm within the 0.25-cm 2 region of covalently attached macromolecules was determined by the summation of continuous viewing fields with a light microscope at ϫ200 magnification.
In the sperm binding assay using different concentrations of divalent cations, sperm were macerated in calcium-free DB. CaCl 2 or MgCl 2 solutions were added to obtain the specified concentrations when the sperm suspensions were diluted to 0.33 DB.
In the sperm binding assay as a function of pH, various combinations of Tris and MES were used to buffer the solutions to the desired pH. The varying buffers were prepared so that the ionic strength was equivalent to that of DB by using a stock DB solution with half the NaCl concentration (55 mM NaCl, 1.3 mM CaCl 2 , and 1.3 mM KCl) and substituting the appropriate amount of Tris and MES. Sperm were prepared in the appropriate buffer for each pH value tested and diluted accordingly for the assay.
For the calcium ionophore assay, sperm were incubated for 10 min at 4ЊC in a 10 M ionophore A23187 DB solution. A 10-M ionophore concentration was maintained during the dilution of the sperm suspension to 0.33 DB.
For the sperm binding assay involving the use of jelly water, sperm were incubated for 10 min in DB jelly water at 4ЊC immediately after testis maceration. The sperm/jelly water suspension was diluted to 0.33 DB before incubation with the macromolecule-coated glass slides.
Preparation of Control Macromolecules and Enzyme-Treated Glycoproteins in the Sperm Binding Assay
Recombinant ZPC (RecC) was expressed using the pET expression system (Novagen, Madison, WI). Polymerase chain reaction primers with EcoRI ends were designed to allow expression of residues 56 (the oviductin cleavage site) to 372, the putative furin cleavage site [14] . The polymerase chain reaction product was inserted into the pET29b(ϩ) plasmid for expression. After selection of clones for correct transcriptional orientation, the vector was transferred to an expression host, BL21(DE3). A single positive colony was chosen and induced with 0.4 mM isopropyl ␤-D-thiogalactopyranoside in 100 ml LB containing the appropriate antibiotic. The RecC formed inclusion bodies and required a 2% SDS solution for solubilization. The RecC was subjected to the Bio-Rad 491 Cell Prep for purification. Fractions containing the RecC (40.2 kDa) were verified using Western blotting with anti-ZPC polyclonal antibodies [14] .
N-Linked oligosaccharides of the entire VE and isolated ZPC were removed with PNGase-F (Boehringer Mannheim, Indianapolis, IN). For both glycoprotein samples, a 1:1000 ratio (w:w) of PNGase-F:glycoprotein was added and allowed to incubate at 37ЊC for 16 h in a 100 mM ammonium bicarbonate buffer (pH 8.0). Deglycosylation was monitored using SDS-PAGE.
Purified ZPC was treated with ␣-mannosidase (Boehringer Mannheim) for 16 h at 37ЊC in a 100 mM ammonium acetate buffer (pH 5). A mannosidase:ZPC ratio of 1:2000 (w:w) was used for the digestion reaction. Deglycosylation was monitored using SDS-PAGE.
Soluble VE glycoproteins were digested with ␤-N-ace- 
Competitive Inhibition Assay
Dejellied eggs were placed in a 24-well culture tissue plate and washed with 0.33 DB. The majority of 0.33 DB solution was removed prior to the addition of sperm. Sperm in DB were incubated with VE, VE*, ZPB, ZPC, or BSA for 10 min at room temperature. Sperm solutions containing macromolecule competitors were then diluted to 0.33 DB (4 ϫ 10 6 sperm/ml) and were added to the culture plate containing eggs. The concentration of each of the macromolecules was 150 g protein/ml during the sperm and egg incubation. Sperm were allowed to bind to the eggs for 6 min at room temperature. Unbound sperm were removed by washing the eggs 5 times with 0.33 DB. Sperm bound to eggs were fixed and stained with 4% glutaraldehyde in 0.33 DB containing Hoechst 33342 dye (0.2 mg/ml). Sperm on one hemisphere of the egg surface (n ϭ 33) were counted with a microscope at ϫ100 magnification using fluorescence. The competition inhibition assay was repeated 2 times.
Statistical Analysis
Data were compared by paired t-test to determine the significance of specific and nonspecific binding using Stat View (Abacus Concepts, Berkeley, CA). Comparisons were considered to be significantly different when P values were Ͻ 0.01.
RESULTS
Concentration-Dependent Effects of Sperm-Envelope Binding
We developed a quantitative sperm binding assay, involving the covalent coupling of envelope glycoproteins to silanized glass slides, to assess the interaction of envelope glycoproteins with motile sperm. To test the validity of our assay, we initially tested the application of three samples (VE, VE*, and BSA) at various concentrations. As depicted in Figure 1A , sperm bound in a concentration-dependent manner to the VE, the natural ligand. In contrast, sperm binding was not dose dependent for VE* and BSA. Lower levels of sperm binding to the VE* were expected, since it had been shown previously that sperm are unable to penetrate and bind to the envelopes of activated or fertilized eggs, VE* and FE [16, 17] . Low sperm binding to BSA and VE* suggested that the assay differentiated between specific sperm-VE interactions and nonspecific BSA and VE* binding.
To further test the validity of our assay, we analyzed sperm binding as a function of sperm concentration (Fig.  1B) . Sperm binding was concentration independent above 4 ϫ 10 6 sperm/ml. No increase in binding levels for VEtreated slides was observed at a sperm concentration of 19.5 ϫ 10 6 sperm/ml (data not shown). In contrast, sperm-BSA binding was equivalent to background levels of sperm binding from derivatized glass without macromolecule addition at each sperm concentration tested. Additionally, sperm-BSA binding was significantly lower than sperm-VE binding at sperm concentrations above 4 ϫ 10 6 sperm/ml. Since the quantity of sperm binding was comparable for glass treated with BSA and no macromolecules, BSA-treated slides were used as a control to determine background or nonspecific levels of sperm binding in the remainder of the experiments.
[ [18] . Additionally, external [Ca 2ϩ ] and pH are not involved in the inhibition of sperm movement at high ionic concentrations [19] .
Since sperm motility is dependent on ionic strength, we tested sperm binding at different concentrations of DB ( Fig.  2A) . Sperm are immotile in a suspension of DB, possessing their highest level of motility upon dilution to 0.33 DB. The levels of sperm binding to the VE reflected the levels of sperm motility where high and background levels of binding were observed at 0.33 DB and DB, respectively. In contrast, sperm binding to BSA was constant throughout the range of [DB] tested; thus, sperm motility was not a factor in the nonspecific sperm adhesion to BSA.
Sperm binding as a function of pH is shown in Figure  2B . Maximum levels of sperm binding to the VE were observed in a pH range of 7 to 9. Sperm binding was substantially decreased in acidic pH values. Variation in pH values did not have an effect on sperm binding to BSA, which was at background levels. No differences were seen in sperm motility within the range of pH values analyzed.
The divalent cation requirements of the sperm-envelope interaction were evaluated by varying the concentrations of calcium and magnesium ions in the sperm binding assay. Increasing [Ca 2ϩ ] resulted in increases in sperm binding, reaching a maximum at 0.45 mM (the calcium ion concentration of 0.33 DB) as shown in Figure 2C . Furthermore, the data revealed that Mg 2ϩ could be substituted for Ca 2ϩ to achieve sperm binding with a maximum at 0.45 mM (Fig. 2D) . Thus, sperm-envelope binding required relatively high concentrations of divalent cations. In both experiments, sperm binding to BSA was independent of divalent cation concentration.
Sperm Binding to Isolated VE Components
To determine which VE component was responsible for sperm binding, we coupled individual, purified VE glycoproteins to silanized slides. The purity of the isolated VE components used in the assay is shown in Figure 3 , and protein coupling was performed at a glycoprotein concentration of 0.20 mg/ml for all samples tested. The purity of the VE components (determined by band densitometry of the gel shown) was Ͼ 99% for each of the glycoproteins. ZPC possessed the majority of the sperm ligand activity of the VE (Fig. 4) . ZPA also had sperm ligand activity but to a significantly lesser extent. The ligand activity of ZPB was not statistically different from sperm-BSA binding, and ZPX was inactive as a sperm ligand. Notably, sperm binding was absent from VE* and all isolated VE* components. Thus, the sperm ligand activity of each envelope glycoprotein from activated eggs was lost when the CG reaction took place and reflected the VE to VE* transformation for prevention of polyspermy. These results suggest that ZPA and ZPC possess ligand activity, albeit with different capacities. The levels of sperm binding to the VE* and isolated VE* components were not statistically significant from sperm-BSA binding. Moreover, the presence of jelly water did not significantly alter sperm binding levels to any of the VE and VE* components (data not shown).
In a competitive inhibition assay using whole dejellied eggs, incubation of eggs and sperm with VE or purified ZPC (150 g/ml) resulted in approximately the same levels of inhibition (41% Ϯ 5 and 37% Ϯ 5 SEM, respectively). However, ZPB, VE*, and BSA (150 g/ml) failed to inhibit sperm binding relative to a no-protein control (data not shown).
Sperm Binding to Complex N-Linked Oligosaccharides of VE and ZPC
The importance of carbohydrates in sperm-envelope interactions was evaluated using deglycosylated VE and ZPC in our sperm binding assay. To test the relevance of Nlinked oligosaccharides, we digested soluble VE glycoproteins and isolated ZPC with PNGase-F, an enzyme that removes only N-linked oligosaccharides from the polypeptide backbone. The majority of the N-linked oligosaccharides of the VE are derived from ZPC [20] . Additionally, ZPC possesses two N-linked glycosylation consensus sites [14] and exhibits microheterogeneity for both high-mannose and complex-type oligosaccharides expressed on its polypeptide backbone [20] . For both VE and ZPC, removal of the Nlinked oligosaccharides reduced both ligand activities to background levels of VE* and ZPC* (Fig. 5, A and B) . We also treated VE and ZPC with ␣-mannosidase to digest high-mannose N-linked oligosaccharides and observed no adverse effects on their ligand activity (Fig. 5, A and B) . These results suggested a role for complex, but not highmannose, N-linked oligosaccharides in sperm-envelope interactions.
To gain more insight into which terminal monosaccharides were involved, we digested the VE with ␤-N-acetylglucosaminidases (from jack bean, bovine kidney, and D. pneumoniae), a crude CG exudate (containing ␤-N-acetylglucosaminidase but not the proteolytic enzymes responsible for ZPA cleavage), ␣-mannosidase, ␣-fucosidase, and ␣-galactosidase. Jack bean and bovine kidney ␤-N-acetylglucosaminidase are exo-glycosidases with substrate specificities for N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine residues, whereas D. pneumoniae and CG ␤-N-acetylglucosaminidase are exo-glycosidases with substrate specificities only for GlcNAc residues. Similar reductions in sperm binding were observed for all VE samples treated with the ␤-N-acetylglucosaminidases in comparison to untreated VE (Fig. 5A) . The lack of sperm binding to the CG ␤-N-acetylglucosaminidase-treated VE suggested that the proteolytic cleavage of ZPA was not responsible for the loss of sperm binding during the VEto-VE* conversion. SDS-PAGE was used to verify that ZPA was not proteolytically cleaved in the CG ␤-N-acet- ylglucosaminidase-treated VE (data not shown). Sperm binding was unaffected by treatment of VE with ␣-mannosidase and ␣-galactosidase, while treatment with ␣-fucosidase reduced the ligand activity of VE by 44% (Fig.  5A ). Since removal of terminal GlcNAc and fucose (Fuc) residues affected specific sperm binding, we speculate that the envelope ligand for sperm partially consists of an essential nonreducing GlcNAc residue and Fuc residue.
Because the expression of a glycoprotein in a prokaryotic system typically lacks glycosylation, we expressed ZPC in Escherichia coli to reaffirm the role of ZPC oligosaccharides in sperm-envelope binding. The RecC lacked sperm ligand activity above that of background levels (Fig.  5B ). Taken together with our previous results, the lack of RecC-sperm binding reinforces the concept of the involvement of protein-carbohydrate interactions in sperm-envelope binding.
Organizational Effects of the Egg Envelope and Sperm on Sperm-Envelope Interactions
We performed a sperm binding assay to evaluate the importance of the molecular organization of the VE glycoproteins. Sperm fail to bind to the CE, and coelomic eggs are unfertilizable [21, 22] . However, when tested in our sperm binding assay, soluble, denatured CE possessed sperm ligand activity (Fig. 6A ). This result suggests that the proteolytic conversion of immature ZPC (gp43) to mature ZPC (gp41) unmasks ligand sites to allow sperm binding. Since the immobilized CE in the assay was heat denatured, it is likely that the normally buried binding sites were exposed.
We next examined whether VE components act in synergy in relation to sperm binding. We noted that although ZPC possessed the majority of the ligand activity among the isolated components, levels of sperm-ZPC binding were below that of the VE (Fig. 4) . Moreover, the concentration of ZPC in the VE sample immobilized on glass was only 40% of the purified ZPC concentration for the analysis. In the reconstitution experiment, we combined purified ZPC, ZPB, and ZPA in a 4:4:1 ratio (their approximate weight ratio in the VE), ZPC and ZPB in a 1:1 ratio, ZPC and ZPA in a 4.9:1 ratio, and ZPB and ZPA in a 4.9:1 ratio. Only the mixing of all three isolated VE components restored maximal levels of sperm binding comparable to that of whole VE (Fig. 6B ). This suggests that ZPA, ZPB, and ZPC interact in a manner to increase the efficiency or capacity for sperm binding.
To determine whether acrosome-reacted sperm bound to the VE, we treated sperm with the ionophore A23187. Assuming that the sperm receptor for the egg envelope ligand is located in the plasma membrane of the sperm head, ionophore-treated sperm should be devoid of this receptor and possess only an inner acrosomal membrane. We observed that sperm treated with calcium ionophore completely lost their ability to bind the VE (Fig. 7) . In addition, ionophore treatment did not affect sperm binding to BSA. Thus, we conclude that the receptor for envelope binding was lost during the acrosome reaction, thereby preventing sperm binding to the egg envelope. Although A23187 is a universal inducer of the acrosome reaction [23] , the effectiveness of the ionophore for inducing the acrosome reaction in Xenopus sperm was not determined in this study, as no assay for the Xenopus acrosome reaction is available. We observed no effect on sperm motility in the presence of A23187.
DISCUSSION
We developed a quantitative in vitro sperm-binding assay to study sperm-envelope interactions in Xenopus laevis. We determined that the optimal conditions for sperm-envelope binding were 0.33 DB, pH values in a range of 7 to 9, and [Ca 2ϩ ] and [Mg 2ϩ ] greater than 0.45 mM. Maximal sperm binding at 0.33 DB correlated with the greatest level of sperm motility. Most importantly, our assay revealed that the sperm ligand activity of the VE resides predominantly in ZPC. Additionally, the ligand activity of ZPC involves terminal GlcNAc and Fuc residues on its complex N-linked oligosaccharides.
ZPC possesses two potential N-linked glycosylation sites and has both high-mannose and complex oligosaccharides expressed on its polypeptide backbone [20] . Of these Nlinked oligosaccharides, only the complex types mediate sperm binding to ZPC. Tian et al. [10] demonstrated the presence of N-linked oligosaccharides on ZPA (accession number: AF038151), which possesses four potential Nlinked glycosylation sites [24] . We noted that ZPA possessed 30% of the binding activity of the VE, and Tian et al. [10] attributed the ligand activity of ZPA to its carbohydrate moieties.
We observed that approximately 18 sperm/1.0 mm 2 bind to VE-treated slides. Omata and Katagiri [11] reported that 1105 sperm/1.0 mm 2 bind to egg envelopes from Bufo, while Tian et al. [10] reported that 283 sperm/1.0 mm 2 bind to the Xenopus egg envelope surface. Additionally, Lindsay and Hedrick [22] reported that 2280 sperm/1.0 mm 2 bind to isolated Xenopus egg envelopes. These numbers likely differ from each other because of the employment of vastly different sperm binding techniques: glycoprotein-coupled slides, isolated intact egg envelopes, dejellied whole eggs, and isolated intact egg envelopes, respectively.
We demonstrated that increasing [Ca 2ϩ ] or [Mg 2ϩ ] increases sperm binding. Furthermore, the presence of one of these cations is required for sperm-envelope binding. Similarly, Omata and Katgiri [11] reported that increases in [Ca 2ϩ ] and [Mg 2ϩ ] (from 0 to 0.33 and 0.45 mM, respectively) enhanced sperm-envelope binding in Bufo. However, Bufo gamete binding requires the presence of both Ca 2ϩ and Mg 2ϩ , whereas Xenopus gamete binding requires only one of these divalent cations.
In our binding assay, equal microgram concentrations of each glycoprotein were bound to the slides. The weight percentage composition of VE for ZPA, ZPB, ZPC, and ZPX is 4.5, 39.3, 43.3, and 12.8%, respectively, after a recalculation of the egg envelope molar composition with the exclusion of gp57, a pyruvate kinase contaminant [25] included in the calculations made by Hedrick and Nishihara [8] . Calculations of the amount of bound glycoproteins on a molar basis give the ratio of 1:1.9:1.7:0.6 for ZPA:ZPB: ZPC:ZPX, while the molar ratio of VE components present in the egg envelope is 0.06:1:1:0.1 for ZPA:ZPB:ZPC:ZPX. Assuming that each egg envelope glycoprotein is monovalent for sperm, normalization of the sperm binding to the purified VE components on a molar basis reveals that ZPC possesses 85% of the ligand activity while ZPA possesses only 6%.
One of our concerns in this sperm binding assay was the levels of sperm binding to BSA. To show that these were background levels of nonspecific binding, we tested a wide range of macromolecules (IgG, fetuin, lysozyme, and myoglobin) with different physiochemical characteristics. All control macromolecules possessed the same sperm ligand activity as BSA (data not shown), and sperm binding to silanated glass slides was equivalent to that on BSA-coated slides. Additionally, during Tian et al. [10, 17] reported that sperm bind predominantly to ZPA and that proteolytic processing of ZPA prevents this binding. These results clearly conflict with our results. The discrepancy between these two studies cannot be easily explained. One factor that may play a role is gamete preparation. We macerated sperm in DB that remain immotile in high ionic strength. Because the duration of sperm motility is less than 10 min [19] , we diluted sperm to 0.33 DB immediately prior to use to maximize the time frame in which live, motile sperm can interact with the envelope glycoproteins in our assay. In contrast, Tian et al. [10] macerated sperm in salt solution equivalent to that of 0.33 DB such that sperm were not maximally motile when used for binding studies.
The CE-to-VE conversion occurs as the egg passes through the pars recta of the oviduct [21] . This conversion involves the proteolytic cleavage of ZPC (43 kDa) into its mature form (41 kDa) present in the VE of oviposited eggs [9] and parallels the sperm's ability to bind egg envelopes [22] . Thus, it was hypothesized that the CE-to-VE conversion is caused by the loss of this polypeptide fragment and results in exposure of sperm-egg envelope binding sites. Surprisingly, when CEs were used in the sperm binding assay, sperm binding was approximately 70% that of VE. The CE surrounding eggs contains a definitive ultrastructure that is altered during its transformation to the VE [21] . However, the CE immobilized on the glass surface of our assay was denatured. Because of this denaturation and alteration of glycoprotein conformation, normal ZPC sperm binding sites of the CE could have been exposed. Therefore, sperm could have accessed their ligands, resulting in binding. Conformational differences in the glycoproteins present in the CE and VE (as well as the FE) were previously demonstrated and correlated with envelope function in fertilization [26] .
Currently, the paradigm of sperm-egg envelope binding is believed to involve a single egg envelope glycoprotein ligand interacting with a receptor on the sperm surface based on the well-documented ZPC ligand of the mouse zona pellucida [27] . However, a recent study suggests that sperm-zona interactions in the porcine system require an oligomerization of ZPC and ZPB [28] . Our findings for Xenopus reveal a slightly different situation. Although Xenopus ZPC possesses independent ligand activity, a combination of ZPA, ZPB, and ZPC (in approximate proportions present in the VE) acts in synergy to allow maximal sperm binding. Thus, all three of these envelope glycoproteins interact in a manner to increase sperm binding. This can be achieved through two possible scenarios: 1) the three egg glycoproteins form a complex to induce a conformational alteration in ZPC to maximally expose sperm binding sites, or 2) stable sperm binding requires the recognition of a hetero-oligomeric complex composed of all three of the VE components.
Mouse gamete interactions involve a primary attachment of acrosome-intact sperm to ZPC [2] followed by a weaker secondary binding with acrosome-reacted sperm to ZPA [29] . Based on our results of sperm binding to ZPC, the molecular details of fertilization for Xenopus may mimic those hypothesized for the mouse, in which ZPC in both species is involved in primary binding. The proteolytic cleavage of ZPA in both species following egg activation, coupled with the weak sperm-ZPA binding observed in this study, may suggest a role of secondary binding for the Xenopus ZPA. Unfortunately, the difference between acrosomeintact and -reacted sperm binding to the egg envelope has not yet been shown for Xenopus. However, Bufo sperm that bind to isolated egg envelopes are predominantly acrosomeintact [11] .
It has been proposed that sperm binding is mediated in a relatively species-specific manner by the carbohydrate moieties of the egg envelope glycoproteins [27] . The species specificity of sperm recognition can be attributed to the diversity of the glycosylation process. Although the machinery for glycosylation processing is present in all eukaryotic cells, the expression of glycosyltransferases for oligosaccharide synthesis is different between animal species [30] . In the mouse system, site-directed mutagenesis data suggest that solely O-linked oligosaccharides are involved in sperm binding [31] . However, in the porcine system, Nlinked oligosaccharides are clearly involved in gamete interactions [32] . Additionally, the relation of species specificity to glycosylation was inferred when Rankin et al. [33] demonstrated that mouse sperm bound to the zona of transgenic mice expressing human ZPC. In this case, mouse sperm may have bound to human ZPC glycosylated with mouse-specific oligosaccharides [33] . Our present study suggests that in Xenopus, complex N-linked sugars of ZPC are critical for ligand activity. However, the possible involvement of O-linked oligosaccharides in the Xenopus sperm's recognition of the egg envelope remains to be tested.
Aside from the differences in oligosaccharide classes in sperm-ligand binding, conflicting results from several groups concerning identification of the nonreducing carbohydrate residue of the ligand for sperm-envelope binding were reported. Terminal galactose residues in ␣-anomeric configurations participate in mouse zona-sperm attachment, since treatment of purified ZPC and ZPC-derived O-linked oligosaccharides with either ␣-galactosidase or galactose oxidase results in the loss of ligand activity [34] . In contrast, it was proposed that sperm-zona pellucida attachment and activation of the acrosome reaction in the mouse are initiated by sperm ␤-1,4-galactosyltransferase binding to terminal GlcNAc on ZPC [4] . Additionally, the involvement of terminal Fuc residues has been reported for both murine and human sperm-zona binding. High-affinity murine sperm binding requires the presence of a terminal Fuc residue [35] , and human sperm-zona binding can be inhibited with fucosylated neoglycoproteins and antibodies to a Fuc-containing epitope on the human zona [36, 37] . Our results parallel the two latter proposals, since we observed that removal of GlcNAc residues from the oligosaccharides of the VE abolished sperm binding while the removal of Fuc residues reduced ligand activity. Thus, Fuc residues may play a role in stabilizing sperm binding to GlcNAc residues on the oligosaccharides of ZPC. The involvement of GlcNAc residues in Xenopus gamete interactions was first proposed in a study by Prody et al. [15] in which treatment of oviposited eggs with purified ␤-N-acetylglucosaminidase or jack bean ␤-N-acetylglucosaminidase rendered eggs unfertilizable.
The results from this study support the hypothesis that ␤-N-acetylglucosaminidase activity is a mechanism for the block to polyspermy. After sperm fusion, the cortical reaction releases ␤-N-acetylglucosaminidase to act on the VE.
We provided evidence here that this enzymatic activity specifically reduced the ligand activity of the VE. Our results suggest that the proteolytic cleavage of ZPA does not prevent sperm binding, since treatment of VE with ␤-N-acetylglucosaminidase (leaving ZPA proteolytically intact) abolished sperm binding. Thus, the proteolytic cleavage of ZPA may play a role in the structural reorganization of the egg envelope during VE hardening [26] .
The interaction of sperm with the egg envelope is a complex binding event involving protein-carbohydrate interactions. It is unlikely that a single monosaccharide such as GlcNAc on an oligosaccharide ligand is exclusively responsible for sperm-envelope binding and would confer species specificity for sperm-envelope interactions. For instance, ␤-1,4-galactosyltransferase solely interacts with mouse ZPC although other GlcNAc residues are also present in ZPA and ZPB [4] . Thus, envelope receptors on the sperm surface are likely to also recognize the structural environment surrounding the nonreducing GlcNAc residue of the oligosaccharide ligand. In the case of Xenopus, one or more Fuc residues could compose a part of this structural environment for receptor recognition or play a structural role by orientating the terminal GlcNAc for maximal ligand activity. To completely discern these molecular details, sequencing of the oligosaccharide ligands of the envelope glycoproteins and structure-function correlation are required. Experiments toward this objective are currently in progress.
